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Left Ventricular Diastolic Dysfunction in the Community: Impact of

Diagnostic Criteria on the Burden, Correlates, and Prognosis
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Background—Left ventricular diastolic dysfunction (DD) is common, particularly in women and older individuals, and it is
associated with adverse cardiovascular outcomes. We evaluated the impact of age- and sex-specific diagnostic criteria on the
assessment of DD in the community-based Framingham Heart Study.

Methods and Results—We estimated age- and sex-specific reference limits for echocardiographic measures of DD in a healthy
reference subsample (N=2355, mean age 44 years, 66% women). The prevalence, correlates, and association with future
cardiovascular disease were compared for DD using age- and sex-specific versus single cut point reference limits in a broad sample
(N=6102, mean age 50 years, 56% women). Using age- and sex-specific criteria, DD was present in ~=25% to 30% of individuals
across age groups, and it was directly associated with a number of modifiable risk factors. In contrast, with single cut point criteria,
age was the primary determinant of DD. During follow-up (mean 7.9£2.2 years), incident cardiovascular disease occurred in 213
of 5770 individuals. Using age- and sex-specific criteria, mild and moderate-severe DD were associated with 50% (95% confidence
interval, 1.09-2.05) and 65% (95% confidence interval, 1.14—2.38) higher incidences of cardiovascular disease, respectively, in age-
and sex-adjusted analyses. With single cut point criteria, moderate-severe DD (hazard ratio, 1.66; 95% confidence interval, 1.05—
2.61), but not mild DD (hazard ratio, 0.94; 95% confidence interval, 0.63—1.40), was associated with incident cardiovascular
disease.

Conclusions—Age- and sex-specific reference limits may result in DD assessments that are less dependent on age, more robustly
related to modifiable risk factors, and are more closely associated with incident cardiovascular disease. (/ Am Heart Assoc.
2018;7:¢008291. DOI: 10.1161/JAHA.117.008291.)
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eft ventricular (LV) diastolic dysfunction (DD) is associ-
L ated with cardiovascular disease (CVD) including heart
failure (HF),"? atrial fibrillation,®° and cardiovascular death.®
Using standard criteria,” age is the dominant predictor of DD;
indeed the prevalence of DD rises with advancing age, ranging
from 27% to 43% in middle-aged adults to becoming almost

senescence versus a result of accumulating cardiovascular
risk factors remains unresolved. Determining the relative
contributions of both nonmodifiable (age and sex) and
modifiable risk factors to the development of DD is integral
to disease prevention efforts.

Echocardiographic assessment of diastolic function has

several limitations. Reduced diastolic function is considered to
be an intermediate phenotype in the pathophysiology of heart

ubiquitous (88%) in those older than 85 years."® '° Whether
DD represents a largely unavoidable consequence of cardiac
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Clinical Perspective

What Is New?

Diastolic dysfunction is common in the community but its
relations with modifiable cardiovascular risk factors and with
overt cardiovascular disease are incompletely understood.
The prevalence of diastolic dysfunction is directly related to
increasing age and varies by sex.

» We developed age- and sex-specific reference limits for key
measures of diastolic function in a large community-based
cohort.

* We then evaluated the cross-sectional relations and prog-

nostic significance of diastolic dysfunction using these

reference limits.

What Are the Clinical Implications?

In a healthy reference sample of community-dwelling individ-
uals, we observed direct associations of age with E/E’ ratio
and inverse relations with E/A ratio and E’ velocity.

» Using age- and sex-specific criteria, diastolic dysfunction is
related to several modifiable risk factors regardless of age.
Ourfindings demonstrate different cross-sectional relations and
prospective associations for diastolic dysfunction as assessed
by single cut point versus age- and sex-specific criteria.

These results highlight an important limitation in the current
assessment of diastolic function and support further inves-
tigations into the use of age- and sex-specific reference limits
to evaluate diastolic function in clinical practice.

failure (HF), particularly HF with preserved ejection fraction.' "2

However, HF with preserved ejection fraction trials have repeat-
edly demonstrated that traditional echocardiographic features of
DD are not required to develop the condition, and were absent in
approximately one third of patients.”>'® Furthermore, the
evidence supporting DD as an independent predictor of future
HF is restricted to a small number of studies."*'® These
observations contrast with data suggesting that DD is common
in asymptomatic individuals in the community, with the majority
having some degree of DD by advanced age.’

Motivated by reports of strong age- and sex-related
differences in diastolic function, and observations of limita-
tions in the current assessment of DD, we sought to evaluate
the usefulness of age- and sex-specific reference limits for DD
assessment in the community. Accordingly, we hypothesized
that DD characterized by age- and sex-specific reference
limits is less dependent on age and is more closely related to
the burden of traditional risk factors and to the risk of future
CVD. We tested our hypotheses in the large community-based
Framingham Heart Study by comparing the prevalence,
clinical correlates, and predictive significance of DD using
age- and sex-specific and single cut point reference limits.

Methods

The data, analytic methods, and study materials are not
currently available to other researchers for purposes of
reproducing the results or replicating the procedure. The
procedure for requesting data from the Framingham Heart
Study can be found at https://www.framinghamheartstudy.
org/.

Study Sample

The design of the Framingham Offspring and Third Generation
cohorts were detailed previously.'"'® For the present inves-
tigation, the 3021 attendees of the eighth Offspring exami-
nation (2005-2008) and 4095 attendees of the first
examination of the Third Generation (2002-2005) were
eligible for inclusion. Anthropometry, a cardiovascular-
focused clinical examination, comprehensive medical history,
and phlebotomy were performed at each Heart Study
examination. Participants were excluded for the following
reasons: missing or inadequate diastolic function measures
(N=355), wall motion abnormalities (N=199), LV systolic
dysfunction (N=62; defined as fractional shortening <0.29 or
2-dimensional evidence of mild or greater LV systolic
dysfunction), moderate or greater valvular heart disease
(N=148), paced rhythm (N=13), missing covariates (N=232),
and atrial fibrillation at the time of examination (N=5) yielding
a final broad sample of 6102 individuals eligible for the
present investigation (Figure S1). To create a healthy
reference sample for deriving reference limits, we excluded
participants from the broad sample with prevalent CVD
(N=286), hypertension (N=1727), atrial fibrillation (N=15),
diabetes mellitus (N=70), dyslipidemia (N=743; defined as
low-density lipoprotein cholesterol >160 mg/dL, high-density
lipoprotein  cholesterol <40 mg/dL, or triglycerides
>250 mg/dL), obesity (N=503; body mass index [BMI]
>30 kg/m?), or current smoking (N=403), resulting in a
reference sample of 2355 individuals. For prospective anal-
yses, individuals from the broad sample with prevalent CVD
(N=286) or missing follow-up time (N=46) were excluded. The
Boston University Medical Center Institutional Review Board
approved all study protocols, and all participants provided
informed written consent.

Echocardiography

Echocardiography including M-mode, 2-dimensional, pulsed-
wave Doppler and tissue Doppler imaging were performed on
all participants as part of a standardized protocol at the index
examinations using an HP Sonos Ultrasound Machine (Philips
Healthcare, Andover, MA). With the participant in the left
lateral decubitus position, pulsed-wave Doppler examination
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of mitral inflow was performed in the apical 4-chamber
position, and the sample volume was placed at the level of the
mitral leaflet tips. Tissue Doppler assessment of peak early
diastolic tissue velocity of the lateral mitral annulus (E') and
transmitral Doppler flow velocities (E and A wave peak
velocities) were performed. Repeated measurements of the E/,
E, and A waves resulted in interobserver correlation coeffi-
cients of >0.97."°

Definition of DD

We characterized individuals as having normal diastolic
function, mild DD, moderate DD, or severe DD based on the
three available measures of diastolic function (lateral E’
velocity, E/E' ratio, and E/A ratio). For the single cut point
analyses, we used the modified Olmstead criteria (excluding
assessments of mitral inflow during the Valsalva maneuver
and pulmonary venous flow patterns, which were not available
for the present analyses)?>?': normal diastolic function, E/A
>0.75 and E/E’ <10; mild DD, E/A <0.75 and E/E' <10;
moderate DD, E/A <1.5 and E/E' >10; severe DD, E/A >1.5
and E/E" >10. For the age- and sex-specific criteria, we
categorized individuals as having: normal LV diastolic func-
tion, no abnormal measures; mild DD, 1 abnormal measure;
moderate DD, 2 abnormal measures; and severe DD, 3
abnormal measures. We performed 2 additional sensitivity
analyses using different classification schemes (Table S1).

Covariates

Blood pressure was measured on seated participants using a
manual mercury column sphygmomanometer; the average of
2 readings was recorded for each participant. Diabetes
mellitus was defined as fasting blood glucose >126 mg/dL or
use of medications for diabetes mellitus. Current smoking
(yes/no within the year prior the index examination) was
assessed by self-report. Weight in kilograms was divided by
height in meters squared to calculate BMI.

Outcome Ascertainment

Framingham Heart Study participants are under longitudinal
surveillance for the development of CVD outcomes, which
are adjudicated by an end points review committee of 3
physicians during a consensus review of pertinent medical
records, examination visits, and health history updates. For
the present investigation, the outcome was a first CVD
event, which was defined as a composite of fatal and
nonfatal myocardial infarction, coronary insufficiency, angina,
stroke or transient ischemic attack, intermittent claudication,
or heart failure using traditional Framingham Heart Study
criteria.?

Statistical Analysis

Baseline characteristics were presented for the broad and
reference samples. Sex-stratified quantile regression was
used to estimate age- and sex-specific reference limits for
each diastolic function measure. Values at the 90th percentile
or greater were considered abnormal for E/E’ ratio and values
at the 10th percentile or less were considered abnormal for E’
and for E/A ratio.

To test for differences in categorizing the severity of DD
using the 2 different criteria, we calculated the paired
difference between DD prevalence (treating DD as an ordinal
variable) with single cut point versus age- and sex-specific
criteria. A Spearman correlation coefficient was then calcu-
lated for the association of this difference and 10-year age
group.

We used stepwise regression models to evaluate the
clinical correlates of DD using both the age- and sex-
specific and single cut point criteria. Age and sex were
forced into the model, and systolic blood pressure, diastolic
blood pressure, hypertension treatment status, diabetes
mellitus, BMI, total/high-density lipoprotein cholesterol,
smoking, and CVD were eligible for inclusion. A P<0.10 in
a univariate screen was required to enter the multivariable
model, and a Bonferroni-adjusted P<0.005 was used to
determine which variables remained in the final model.
Analyses were performed treating DD categories as ordinal
variables (using ordinal logistic regression models) and then
repeated, treating DD as the binary variable of mild or
greater or moderate or greater DD (using logistic regression
models).

We used Cox proportional hazards regression models to
evaluate the association of each DD category with incident
CVD, treating normal LV diastolic function as the referent.
Two multivariable-models were estimated for each classifica-
tion scheme. The first was adjusted for age and sex. The
second model was adjusted additionally for systolic blood
pressure, hypertension treatment status, diabetes mellitus,
BMI, total/high-density lipoprotein cholesterol, and smoking.
We tested the proportionality of hazards assumption by
including an interaction of the natural log of time to CVD * DD
category (P>0.05). A 2-sided P<0.05 was used to determine
statistical significance for the association of DD with incident
CVD. All analyses were performed with SAS version 9.3 (Cary,
NC).

Results

Clinical characteristics of the broad and reference samples
are shown in Table 1 and Table S2. The mean age in the broad
sample was 50415 years, over half were women, and 32% of
individuals had hypertension. The reference sample was
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younger (mean age 44414 years), had a higher proportion of
women (66%), and was, by definition, free of CVD or major
clinical risk factors.

Derivation of Age- and Sex-Specific Reference
Limits

Sex-stratified quantile regression was used to estimate age-
and sex-specific reference limits for E’ velocity, E/E" and E/A

in the reference sample. Age was directly related to the A
velocity and E/E’ ratio and was inversely related to the E

Table 1. Baseline Characteristics of the Study Samples

Broad Sample Reference

Characteristic (N=6102) Sample (N=2355)
Age, y 50415 44+14
Women, N (%) 3394 (56) 1560 (66)
Systolic blood pressure, mm Hg 121416 113+11
Diastolic blood pressure, mm Hg | 75+10 72+8
Heart rate, bpm 62+10 61+10
Body mass index, kg/m? 27.2+5.4 24.14+3.0
Total cholesterol, mg/dL 189435 183+29
HDL cholesterol, mg/dL 56+17 62415
Triglycerides, mg/dL 110460 85+38
Hypertension, N (%) 1963 (32) 0
Hypertension treatment, N (%) 1457 (24) 0
Current smoking, N (%) 847 (14) 0
Prior atrial fibrillation, N (%) 81 (1) 0
Cardiovascular disease, N (%) 286 (5) 0
Diabetes mellitus, N (%) 352 (6) 0
Chronic kidney disease, N (%) 284 (4.7) 28 (1.2)
Left ventricular mass, g 159443 143437
Medication use

ACE inhibitor/ARB, N (%) 870 (14.3) 0 (0)

Beta-blocker, N (%) 663 (10.9) 15 (0.6)

Diuretic, N (%) 636 (10.4) 13 (0.5)
Left atrial dimension, cm 3.8+0.5 3.6+0.4
Fractional shortening, % 37+4 36+4
Lateral E', cm/s 11.4+29 12.6+2.8
E velocity, cm/s 67.6+12.8 69.2+12.5
A velocity, cm/s 58.6+15.9 51.8+12.8
E/E’ ratio 6.3+1.9 57+15

Values represent mean =+ standard deviation for continuous variables and number (%) for
categorical variables. Chronic kidney disease was defined as an estimated glomerular

filtration rate of <60 mL/min/1.73 m?. ACE indicates angiotensin-converting enzyme;
ARB, angiotensin receptor blocker; HDL, high-density lipoprotein.

velocity, E’ velocity, and E/A ratio (Figures S2 through S6).
The mean value for E' velocity fell below the guideline-
supported threshold” of 10 cm/s by 70 years of age in both
men and women (Figure S2A). The abnormal E’ threshold was
reached at a younger age in the broad sample (Figure S2B).
Mean E/E' ratio was higher in women versus men but did not
rise above the guideline-supported threshold value” of 8 in
any age group (Figure S3). Mean E/A ratio fell to <0.75 by
80 years of age in both sexes in both the reference and the
broad group (Figure S4). The cutoff values for age- and sex-
specific reference limits are shown by decade of age in
Table 2. Age- and sex-specific cutoff values differed substan-
tially from the commonly used single cut point reference
limits established by echocardiographic guidelines.”

Prevalence of DD in the Broad Sample

By classifying DD using age- and sex-specific criteria, 15% to
22% of the study sample had mild DD, and 10% of the sample
had moderate-severe DD throughout the age range (Fig-
ure[A]). By contrast, using single cut point criteria, DD was
rare until 50 years of age, after which the prevalence and
severity of DD rose steeply (Figure[B]). By 70 to <80 years of
age, over half of the participants had DD, and after 80 years
of age, over two thirds did. Compared with age- and sex-
specific criteria, the single cut point criteria categorizes more
people with higher DD at older ages (r=0.24, P<0.0001).

Table 2. 10th Percentile Reference Limits According to
Age- and Sex-Specific Criteria

Lateral
Age E' (cm/s) E/A Ratio E/E’ Ratio
Men
30y 11.00 1.21 6.33
40y 10.11 1.06 6.64
50y 9.21 0.91 6.94
60y 8.32 0.76 7.25
70y 7.42 0.61 7.55
80y 6.53 0.46 7.85
Women
30y 11.39 1.24 6.62
40y 10.31 1.10 7.33
50y 9.22 0.95 8.03
60y 8.14 0.81 8.73
70y 7.05 0.66 9.44
80y 5.97 0.51 10.14

Single cut point (guideline-based) reference limits: Lateral E'=10 cm/s, E/A ratio >0.8,
E/E' ratio <8. Reference limit values represent the lower reference limit for lateral E’ and
E/A ratio and the upper reference limit for E/E' ratio.
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Clinical Correlates of DD

With age- and sex-specific criteria, DD was associated with
age, female sex, systolic and diastolic blood pressure,
hypertension treatment status, BMI, total/high-density
lipoprotein cholesterol and diabetes mellitus (Table 3). Age
was inversely related to DD in the multivariable-adjusted
model, but it was directly related to DD in models adjusted
only for age and sex (odds ratio, 1.09 per 15.3 years; 95%
confidence interval, 1.03—1.15; P=0.0017).

Using single cut point criteria, DD was associated with
age, female sex, diastolic blood pressure, and BMI (Table 3);
age had the largest effect estimate with an over 7-fold
higher odds of having DD for each 15.3 years of age.
Notably, this dependence on age was most pronounced in
those with mild DD (Table S3). When the odds of having
moderate or greater DD were evaluated, the impact of age
was reduced and the additional risk factors of systolic and
diastolic blood pressure and hypertension treatment status

exploratory analyses, a higher heart rate was observed to
correlate with LV DD (Table S5).

Prospective Associations of DD With Incident
CvD

CVD events occurred in 213 of 5770 individuals during a
mean follow-up of 7.9+2.2 years (range, 0.1-11.7 years).
Using age- and sex-specific criteria, mild, and moderate-
severe DD were associated with 50% and 65% higher hazards
of CVD, respectively, in age- and sex-adjusted analyses
(Table 4). Upon adjustment for clinical risk factors, these
associations were no longer statistically significant. With
single cut point criteria, mild DD was not associated with
incident CVD in age- and sex-adjusted or in multivariable-
adjusted analyses. Moderate-severe DD was associated with a
66% higher hazard of CVD in age- and sex-adjusted models,
which was no longer statistically significant upon adjustment
for clinical risk factors. In sensitivity analyses, we used

were observed to correlate with DD (Table S4). In additional DD classification schemes based on both single cut
A Prevalence of DD with age- and sex-specific reference limits
1
0.9 P for trend <0.0001
E 0.8
£ 0.7 4
206
505 1 ® Normal diastolic functi
ot i ormal diastolic function
'% 0'3 m Mild diastolic dysfunction
§- 0'2 | m Moderate/severe diastolic dysfunction
& N
0.1 4
0 -
<30y 30to<40y 40to<50y 50to<60y 60to<70y 70to<80y =80y
(n=453) (n=1313) (n=1513) (n=1071) (n=1016) (n=588) (n=148)
Age by decade
B Prevalence of DD with single cutpoint criteria

(n=453)  (=1313) (n=1513) (n=1071)

Age by decade
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2 0.
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Figure. Proportion of individuals with diastolic dysfunction. A, By age- and sex-specific criteria. B, By single cutpoint criteria. P for trend
test represents the P-value for the correlation of the difference in diastolic dysfunction severity between the 2 criteria and age group.
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Table 3. Clinical Correlates of LV Diastolic Dysfunction in the Broad Sample: Age- and Sex-Specific vs Single Cut Point Criteria

Age- and Sex-Specific Criteria Single Cut Point Criteria
Variable Odds Ratio (95% Cl) P Value Odds Ratio (95% Cl) P Value
Age 0.91 (0.84, 0.97) 0.007 7.40 (6.46, 8.47) <0.0001
Female sex 1.42 (1.26, 1.60) <0.0001 1.72 (1.43, 2.07) <0.0001
Systolic blood pressure 1.20 (1.12, 1.30) <0.0001
Diastolic blood pressure 1.29 (1.21, 1.39) <0.0001 1.37 (1.25, 1.50) <0.0001
Hypertension treatment status 1.24 (1.07, 1.44) 0.004
Body mass index 1.38 (1.30, 1.47) <0.0001 1.36 (1.25, 1.48) <0.0001
Total/HDL cholesterol 1.15 (1.08, 1.22) <0.0001
Diabetes mellitus 1.68 (1.34, 2.10) <0.0001

Values represent the odds of having diastolic dysfunction (treated as an ordinal variable: normal diastolic function, mild DD, moderate-severe DD) for each 1 SD higher value (for

continuous variables) or the presence of a categorical variable vs its absence. 1 SD is equal to: 15.3 years for age, 16.1 mm Hg for SBP, 9.6 mm Hg for DBP, 5.4 kg/m? for BMI, and 1.2
for total /HDL cholesterol. Smoking and previous cardiovascular disease were included as candidate variables in the selection models but were not statistically significant. Cl indicates

confidence interval; HDL, high-density lipoprotein; LV, left ventricular.

point and age- and sex-specific reference limits with similar
results (Table Sé).

Discussion

We investigated the prevalence, clinical correlates, and
predictive significance of DD, defined with and without age-
and sex-specific thresholds, in a large community-based
sample. We observed several key findings. First, in prospec-
tive analyses adjusted for age and sex, the age- and
sex-specific criteria were associated with incident CVD

regardless of DD severity. By single cut point criteria, mild
DD was not associated with an increased risk of CVD. Second,
using both sets of criteria, the association of DD with future
CVD was no longer statistically significant upon adjustment
for common CVD risk factors, suggesting that the increased
risk of CVD in those with DD is at least partly attributable to
shared burden of standard risk factors. Furthermore, using
single cut point (age- and sex-independent) criteria, age was
the primary determinant of DD, and the proportion of
individuals with normal LV diastolic function decreased to a
minority of the sample by 70 years of age. By contrast, with

Table 4. Associations of LV Diastolic Dysfunction Categories With Incident CVD

No. Events/No. Age- and Sex-Adjusted, Multivariable-Adjusted,
At Risk HR (95% Cl) P Value HR (95% Cl) P Value
Age- and sex-specific criteria
1. Normal diastolic function 119/3906 Referent Referent
2. Mild DD 571134 1.50 (1.09-2.05) 0.01 1.34 (0.98-1.85) 0.07
3. Moderate-severe DD 37/730 1.65 (1.14-2.38) 0.008 1.26 (0.86-1.85) 0.24
Test for trend 1.32 (1.11-1.56) 0.002 1.16 (0.97-1.38) 0.11
1. Normal diastolic function 119/3906 Referent Referent
2. Any DD 94/1864 1.55 (1.19-2.04) 0.0014 1.31 (0.99-1.73) 0.06
Single cut point criteria
1. Normal diastolic function 150/5103 Referent Referent
2. Mild DD 37/451 0.94 (0.63-1.40) 0.76 0.90 (0.60-1.33) 0.59
3. Moderate-severe DD 26/216 1.66 (1.05-2.61) 0.03 1.36 (0.86-2.15) 0.18
Test for trend 1.22 (0.97-1.53) 0.09 1.11 (0.89-1.39) 0.37
1. Normal diastolic function 150/5103 Referent Referent
2. Any DD 63/667 1.14 (0.81-1.61) 0.44 1.04 (0.74-1.46) 0.82

Hazard ratios (HRs) represent the relative hazard for each category compared with the referent group. The multivariable model is adjusted for age, sex, systolic blood pressure,

hypertension treatment status, diabetes mellitus, body mass index, total /high-density lipoprotein cholesterol, and smoking. Cl indicates confidence interval; CVD, cardiovascular disease;

DD, diastolic dysfunction; LV, left ventricular.
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age- and sex-specific criteria, statistically significant relations
were observed between DD and a number of clinical risk
factors that were not as clearly discernible if single cut point
criteria were used.

DD as a Predictor of Future CVD

We observed modest associations between DD and incident
CVD in age- and sex-adjusted analyses that were no longer
statistically significant upon adjustment for clinical risk
factors. A small number of previous studies have reported
associations of DD with clinical outcomes in the community.
From the Rochester Epidemiology Project, Redfield et al®'
demonstrated associations of DD with overall mortality in
unadjusted analyses and after adjusting for age, sex, and
ejection fraction. In a follow-up study, Kane et al' demon-
strated that DD was associated with future HF, and this
association persisted upon adjustment for age, hypertension,
diabetes mellitus, and baseline CAD. The most notable
difference between their study and ours is that we excluded
individuals with LV systolic dysfunction. Kane et al did not
report whether DD was predictive of future HF after account-
ing for reduced systolic function. Vogel et al*® examined the
natural history of preclinical DD and reported 3-year cumu-
lative probability of HF of 11.6% in those with DD, but their
analyses were not adjusted for clinical risk factors. Therefore,
although DD appears to be associated with adverse cardio-
vascular outcomes, its utility as an independent predictor of
HF, CVD, or mortality appears modest.

A number of possible explanations exist for the limited
independent associations of DD with future CVD. Traditional
risk factors were strongly related with DD in our investigation
(especially using age- and sex-specific reference limits) and
also attenuated the association with incident CVD. If DD
simply represents end-organ dysfunction resulting from the
effects of CVD risk factor exposure, its independent power to
predict future CVD may be limited. Furthermore, although it is
often thought of as preclinical HF with preserved ejection
fraction, DD is neither necessary nor sufficient to develop HF.
This notion is supported by the observation that while DD is
highly prevalent in asymptomatic individuals, up to one third
of individuals enrolled in HF with preserved ejection fraction
clinical trials do not have echocardiographic evidence of
DD."™ ' Indeed, other conditions such as pulmonary,
cardiometabolic, or kidney dysfunction appear to greatly
modify the risk of progression to HF in those with DD.%?324
Finally, although echocardiographic measures used to assess
LV diastolic function were derived largely based on hemody-
namic correlations,?>?” their accuracy in diagnosing preclin-
ical DD at the individual level is less clear.?®?° Advancements
in imaging techniques and integration of other features such
as myocardial strain, ventricular-arterial coupling, or

functional capacity may prove useful in refining the noninva-
sive assessment of DD in the future.

Diastolic Function Declines With Age

The extent to which age-related changes represent unavoid-
able sequelae of cardiac senescence versus maladaptive
responses to repeated pathologic stressors (such as
increased afterload and metabolic stress) remains uncertain.
In the present investigation, age-related decrements in LV
diastolic function were observed in the healthy reference
sample, which consisted of individuals free of CVD and overt
clinical risk factors. These findings are consistent with the
work of Dalen et al,>® who reported lower mean E’ velocity
and E/A ratio and higher mean E/E’ in older individuals in a
less strictly defined and smaller healthy reference sample.
The finding of age-related changes in diastolic function in the
absence of overt CVD risk factors supports the hypothesis
that normal aging itself leads to reductions in the measures
commonly used to assess LV diastolic function.

In particular, the E’ velocity falls steadily even with healthy
aging. Relying on a single cut point value of E’ to diagnose LV
DD would be expected to result in a large proportion of older
individuals being diagnosed with LV DD, which may not
identify individuals that are necessarily at higher risk for CVD.

Whereas age was the primary risk factor for DD using
single cut point criteria, with age- and sex-specific criteria, DD
was associated with a number of modifiable clinical risk
factors. The inverse association of age with DD in these
models likely reflects the rising burden of CVD risk factors
with age, which is not fully accounted for in our analyses. One
potential advantage of age- and sex-specific reference limits,
therefore, is that DD based on these criteria is more closely
related to modifiable risk factors.

DD Differs Among Men and Women

We observed different distributions for LV diastolic function
measures in men and women (this was particularly pro-
nounced for E/E’ ratio) and we therefore stratified our
reference limits by sex. Similar sex-based differences in LV
function and geometry have been reported previously.3'3°
The biological basis for sex-based variations, including
potential neurohormonal contributions®® and sex-related
differences in ventricular-arterial coupling,®*” warrant further
study, especially in light of the higher risk of HF with
preserved ejection fraction in women.

Limitations and Strengths

Several limitations of the present investigation merit consid-
eration. Echocardiograms performed at the Framingham
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Heart Study were one component of a comprehensive
examination day, and the time commitment for each test
was thus minimized in order to facilitate participation by the
largest possible number of study participants. As a result, we
did not obtain several measurements previously shown to
assist in the assessment of DD, including the septal E'
velocity, pulmonary vein inflow, longitudinal strain, mitral
inflow during the Valsalva maneuver, mitral annular size, or
regurgitant velocity across the tricuspid valve. Left atrial
volumes were also not used for this investigation. Additional
investigations incorporating these measures and adhering
more closely with the 2016 guidelines for assessment of
diastolic function®® would refine the criteria proposed herein.
Moreover, LV diastolic function was assessed a single time.
As these measures can vary widely with loading conditions
and other hemodynamic factors, the single assessment might
have introduced additional variability into our baseline
assessments. Such a regression dilution bias would be
expected to bias toward the null hypothesis of no association
between DD and the outcomes evaluated and may have
affected our ability to detect meaningful associations.
Although the majority of the echocardiograms were per-
formed in the morning, we did not fully account for circadian
variation, which may affect diastolic function.®* The number
of observed events was relatively small for each component
of our composite outcome, and we were therefore unable to
definitively evaluate the associations of DD with separate
cardiovascular outcomes. Despite the total sample size of
more than 6000 participants, relatively few individuals
>70 years of age were available for the healthy reference
sample as a result of the significant burden of overt CVD and
CVD risk factors in this age group. Therefore, the reference
limit estimates for this age category may be less precise
when applied to the general population. Furthermore, the
age- and sex-specific criteria that we used treated E/A as a
monotonic variable, which does not account for the com-
plexities of changes in diastolic filling that occur with rising
LV filling pressures. To explore whether this assumption
might compromise the association of our criteria with
incident CVD, we constructed 2 additional age- and sex-
specific criteria that were analyzed in sensitivity analyses.
Both of these criteria demonstrated reduced prediction
compared with the criteria used in primary analysis. Thus,
future studies with higher numbers of individuals with severe
diastolic dysfunction are needed to discover relations of age
and sex with restrictive filling patterns. Whereas we did
evaluate interobserver variability in measurements, variation
within individuals in the short term also may influence the
predictive utility of our proposed criteria. Given the con-
straints of participant burden in an epidemiological setting,
we were unable to assess intraindividual variability in LV
diastolic function measures. Finally, our study sample

consisted of mostly white individuals of European descent.
Future studies are needed to evaluate the effect of race on
diastolic function.

Notwithstanding these limitations, our study has a number
of important strengths. Foremost, it was conducted in a large,
well-characterized, community-based cohort with comprehen-
sive ascertainment of outcomes in ~6100 individuals. We
were able to determine age- and sex-specific reference limits
from a strictly defined healthy sample of 2355 individuals with
representation from all age groups, which allowed us to
calculate reference limits for abnormal diastolic function
treating age as a continuous variable.

Conclusions

Our findings show that age- and sex-specific reference limits
demonstrate different clinical correlates and association with
overt CVD compared with single cut point criteria. Additional
studies are warranted to determine whether age- and sex-
specific reference limits should be used to assess DD in
clinical practice.
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Table S1. Additional diastolic dysfunction classification schemes used for sensitivity analyses.

Age- and sex-specific criteria version 2*

Normal Diastolic Function Mild DD Moderate-severe DD
1 or 2 or 3
E’ (cm/s) Normal Abnormal Normal Normal Abnormal
E/A Normal Any Abnormal Abnormal Any
E/E’ Any Normal Normal Abnormal Abnormal
Age- and sex-specific criteria version 3

Normal Diastolic Function Mild DD Moderate-severe DD
E’ (cm/s) Normal Abnormal Abnormal
E/E’ Any Normal Abnormal

For E": normal is >10" percentile, abnormal is <10™ percentile

For E/A ratio: normal is >10™ percentile, abnormal is <10™ percentile
For E/E' ratio: normal is <90" percentile, abnormal is >90™" percentile
* Only 2 of 3 conditions necessary for each group




Table S2. Composition of study samples by age decade and sex.

Age Broad sample, N (% women) Reference sample, N (% women)
<30 years 453 (55) 273 (62)
30 to <40 years 1313 (54) 705 (67)
40 to <50 years 1513 (54) 661 (65)
50 to <60 years 1071 (56) 361 (65)
60 to <70 years 1016 (57) 244 (70)
70 to <80 years 588 (58) 93 (71)

>80 years 148 (64) 18 (83)




Table S3. Clinical correlates of > mild diastolic dysfunction.

Age- and sex-specific criteria Single cutpoint criteria
Variable Odds ratio (95% ClI) p value Odds ratio (95% ClI) p value
Age 0.96 (0.90, 1.03) 0.30 8.40 (7.25, 9.73) <0.0001
Female sex 1.38 (1.22, 1.56) <0.0001 1.69 (1.40, 2.05) <0.0001
Systolic blood pressure 1.20 (1.11, 1.30) <0.0001 -- --
Diastolic blood pressure 1.27 (1.18, 1.37) <0.0001 1.47 (1.33, 1.61) <0.0001
Hypertension treatment status -- -- -- -
Body mass index 1.40 (1.31, 1.48) <0.0001 1.34 (1.22, 1.47) <0.0001
Total/HDL cholesterol 1.12 (1.06, 1.19) 0.0003 -- --
Diabetes 1.68 (1.32, 2.13) <0.0001 -- --

Values represent the odds of having at least mild diastolic dysfunction for each one standard deviation higher value (for continuous
variables) or the presence of a categorical variable versus its absence.

One SD is equal to 15.3 years for age, 16.1 mm Hg for SBP, 9.6 mm Hg for DBP, 5.4 kg/m? for BMI and 1.2 for Total/HDL
cholesterol.

Smoking and previous cardiovascular disease were included as candidate variables in the selection models but were not statistically
significant.



Table S4. Clinical correlates of > moderate diastolic dysfunction.

Age- and sex-specific criteria Single cutpoint criteria

Variable Odds ratio (95% CI) p value Odds ratio (95% CI) p value
Age 0.86 (0.78, 0.95) 0.003 2.42 (1.96, 2.99) <0.0001
Female sex 1.44 (1.21, 1.71) <0.0001 2.49 (1.84, 3.37) <0.0001
Systolic blood pressure 1.24 (1.11, 1.39) <0.0001 1.65 (1.42,1.92) <0.0001
Diastolic blood pressure 1.37 (1.24, 1.52) <0.0001 0.77 (0.66, 0.89) 0.0007
Hypertension treatment status - - 1.60, (1.17, 2.17) 0.003
Body mass index 1.42 (1.31, 1.53) <0.0001 1.45 (1.28, 1.63) <0.0001
Total/HDL cholesterol 1.20 (1.11, 1.30) <0.0001 -- --
Diabetes 1.94 (1.45, 2.59) <0.0001 -- --

Values represent the odds of having at least moderate diastolic dysfunction for each one standard deviation higher value (for
continuous variables) or the presence of a categorical variable versus its absence.

One SD is equal to 15.3 years for age, 16.1 mm Hg for SBP, 9.6 mm Hg for DBP, 5.4 kg/m? for BMI and 1.2 for Total/HDL
cholesterol.

Smoking and previous cardiovascular disease were included as candidate variables in the selection models but were not statistically
significant.



Table S5. Clinical correlates of LV diastolic dysfunction including heart rate as a predictor.

Age- and sex-specific criteria Single cutpoint criteria

Variable Odds ratio (95% ClI) p value Odds ratio (95% ClI) p value
Age 0.90 (0.84, 0.97) 0.004 6.43 (5.49, 7.54) <0.0001
Female sex 1.21 (1.07, 1.37) 0.002 1.49 (1.24, 1.80) <0.0001
Systolic blood pressure 1.23(1.14, 1.33) <0.0001 1.17 (1.05, 1.30) 0.004
Diastolic blood pressure 1.21(1.12, 1.30) <0.0001 1.20 (1.07, 1.33) 0.001
Hypertension treatment status 1.30 (1.12, 1.50) 0.0006 1.38 (1.14, 1.68) 0.001
Body mass index 1.36 (1.28, 1.44) <0.0001 1.26 (1.15, 1.37) <0.0001
Total/HDL cholesterol 1.12 (1.05, 1.19) 0.0003 - --
Diabetes 1.45 (1.15, 1.82) 0.002 -- --
Heart rate 1.42 (1.35, 1.51) <0.0001 1.54 (1.41, 1.69) <0.0001

Values represent the odds of having diastolic dysfunction (treated as an ordinal variable: normal diastolic function, mild DD,
moderate-severe DD) for each 1 SD higher value (for continuous variables) or the presence of a categorical variable versus its
absence.

1 SD is equal to: 15.3 years for age, 16.1 mm Hg for SBP, 9.6 mm Hg for DBP, 5.4 kg/m? for BMI, 1.2 for total/HDL cholesterol, and
9.9 beats per minute for heart rate.

HDL indicates high-density lipoprotein.

Smoking and previous cardiovascular disease were included as candidate variables in the selection models but were not statistically
significant.



Table S6. Sensitivity analysis: associations of additional age- and sex-specific and age- and sex-independent criteria with

incident CVD.
#events/# Age- and sex-adjusted, p value Multivariable- p value
at risk HR (95% CI) adjusted, HR (95% CI)

Age- and sex-specific criteria (version 2)

1. Normal diastolic function 150/4355 Referent -- Referent --
2. Mild DD 34/896 1.39 (0.96-2.03) 0.09 1.24 (0.85-1.81) 0.26
3. Mod-severe DD 29/519 1.58 (1.06-2.35) 0.02 1.19 (0.79-1.80) 0.41
Test for trend 1.28 (1.06-1.54) 0.009 1.12 (0.92-1.35) 0.26
1. Normal diastolic function 150/4355 Referent -- Referent -
2. Any DD 63/1415 1.47 (1.10-1.98) 0.01 1.22 (0.90-1.65) 0.20
Age- and sex-specific criteria (version 3)

1. Normal diastolic function 168/4837 Referent -- Referent --
2. Mild DD 16/414 1.26 (0.75-2.11) 0.38 1.12 (0.67-1.87) 0.67
3. Mod-severe DD 29/519 1.53 (1.03-2.27) 0.04 1.16 (0.77-1.74) 0.49
Test for trend 1.24 (1.02-1.50) 0.03 1.08 (0.89-1.31) 0.45
1. Normal diastolic function 168/4837 Referent -- Referent -
2. Any DD 45/933 1.42 (1.02-1.97) 0.04 1.14 (0.81-1.60) 0.44

Hazard ratios (HR) represent the relative hazard for each category compared with the referent group.

The multivariable model is adjusted for age, sex, systolic blood pressure, hypertension treatment status, diabetes, body mass index,

total/HDL cholesterol, and smoking.



Figure S1. Flow diagram of study design.
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Figure S2. Quantile regression plots for lateral E’'.

A. Reference Sample.
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B. Broad Sample. The horizontal red line represents the guideline recommended single cutpoint reference limit.
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Figure S3. Quantile regression plots for E/E’ ratio.

A. Reference Sample.
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B. Broad Sample. The horizontal red line represents the guideline recommended single cutpoint reference limit.
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Figure S4. Quantile regression plots for E/A ratio.

A. Reference Sample.
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B. Broad Sample. The horizontal red line represents the guideline recommended single cutpoint reference limit.
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Figure S5. Quantile regression plots for E velocity.
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B. Broad Sample.
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Figure S6. Quantile regression plots for A velocity.
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B. Broad Sample.
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